ABSTRACT: Significant augmentation of second harmonic generation using Fano resonances in plasmonic heptamers made of silver is theoretically and experimentally demonstrated. The geometry is engineered to simultaneously produce a Fano resonance at the fundamental wavelength, resulting in a strong localization of the fundamental field close to the system, and a higher order scattering peak at the second harmonic wavelength. These results illustrate the versatility of Fano resonant structures to engineer specific optical responses both in the linear and nonlinear regimes thus paving the way for future investigations on the role of dark modes in nonlinear and quantum optics. 1 One such property is the generation of hot spots, whose presence in nanostructures, such as optical antennae, is promising for applications in nonlinear optics, since they require a strong electric near-field.
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KEYWORDS: Plasmonics, nonlinear optics, Fano resonance, silver nanostructures, heptamers T he collective oscillations of electrons in the form of plasmon resonances in metallic nanostructures exhibit unique optical properties. 1 One such property is the generation of hot spots, whose presence in nanostructures, such as optical antennae, is promising for applications in nonlinear optics, since they require a strong electric near-field. 2 Recent studies have reported the observation of different nonlinear optical phenomena in such nanosystems, like, for example, second harmonic generation (SHG), 3 multiphoton luminescence, 4 ,5 third harmonic generation, 6, 7 higher harmonic generation, 8 and four-wave mixing. 9 SHG is significantly dependent on the symmetry of both the material being used and the structure being studied and therefore is a sensitive tool for characterizing plasmonic structures. 10−13 SHG from centrosymmetric materials is due to the breaking of inversion symmetry at their surfaces and is therefore used as a surface probe.
14 In recent years, strong SHG has been observed in metallic nanostructures such as sharp metallic tips, 15 multiple resonant nanostructures, 16, 17 split-ring resonators, 18 metamaterials 19,20 and nanocups, 21 underlining the fast growing interest in the area of nonlinear plasmonics. 22, 23 Efficient SHG requires the presence of strong SHG sources, that is, nonlinear polarization currents oscillating at the second harmonic frequency, at the nanostructure surface as well as an efficient scattering of the SHG signal into the far-field. Several strategies have been developed to enhance SHG from metallic nanostructures including using multiple resonances at both the fundamental and the second harmonic wavelengths, 16 breaking the centrosymmetry using noncentrosymmetric nanostructures 20 and even enhancing the electric fields using nanogaps. 24 However, the efficiency of SHG is restricted by two fundamental classes of losses that electromagnetic waves suffer in such metallic structures, namely radiative "losses" like optical scattering and nonradiative losses like the generation of heat. 25 Therefore, to increase the detected SHG in the far-field the structures must decrease the radiative losses at the fundamental wavelength while increasing them at the second harmonic wavelength and at the same time increase the near-field at the fundamental wavelength. Because the SHG yield increases as the square of the fundamental field intensity, 26 a higher near-field at the fundamental is required to increase the near-field at the second harmonic. The width of a plasmonic resonance indicates the total losses, both radiative and nonradiative, that the structure suffers. A narrower plasmonic resonance therefore implies lower total losses and prior work has been done to tune the plasmon resonance width by modifying the structures. 27, 28 However, due to the lack of complete control over the width, this is not a very effective means to control the generated local near-field.
Fano resonances, on the other hand, allow for an easy manipulation of the plasmon resonance width and the near-field. The most common line shape of a resonance is a Lorentzian and typically plasmon resonances are Lorentzian in shape. Fano resonances, on the other hand, are asymmetric in their line shape. 29−32 Such resonances first arose in the work of Ugo Fano in atom spectroscopy where the characteristic asymmetric line shape is produced by the interference between a discrete state and a continuum. 33 In plasmonics, Fano resonances are produced by the interaction between modes of the system to result in a subradiant (dark) mode and a superradiant (bright) mode. 34 A bright mode is one which possesses a large dipole moment and can therefore be excited under plane wave illumination as well as scatter into the farfield. On the other hand, a dark mode having a lower dipole moment cannot interact directly with the plane wave or be scattered into the far-field. However, it can be excited by the near-field associated with the bright mode. Therefore, the plane wave can first excite the bright mode, which then excites the dark mode, which in turn interferes with the scattering from the same bright mode. Depending on the phase difference between both pathways, the final response of the bright mode can be either attenuated or reinforced. The frequency dependence of the phase and therefore the position of the attenuated or reinforced features of the Fano resonance, allows us to engineer the optical properties of the nanosystem.
In this Letter, we compare the SHG from plasmonic systems that exhibit a Fano resonance and those that do not, demonstrating the implication of dark mode and enhanced near-fields to produce strong far-field SHG. For this work, we have chosen the plasmonic heptamer as the Fano resonant system because the observation of Fano resonances in such a nanosystem does not require any symmetry breaking for inducing the coupling between the dark mode and the bright mode. 35−37 Indeed, SHG is known to be very sensitive to the symmetry and symmetry breaking will induce further effects impacting the SHG. To the best of our knowledge, this is the first time that a Fano resonance is used for increasing SHG from plasmonic nanostructures. We engineer the silver heptamers to obtain the Fano dip at the fundamental wavelength λ = 800 nm and a higher order scattering peak at the second harmonic wavelength λ = 400 nm. To qualitatively visualize its response, one can imagine the heptamer as a simpler subsystem consisting of an outer ring hexamer and an individual central unit, which hybridize to create two modes, the optical bright mode and the optical dark mode as can be seen in Figure 1a . It is these two modes that interact to produce the Fano resonance. 36, 37 By having a minimum in the optical scattering cross-section and therefore a destructive interference of the scattering in the far-field, at the excitation wavelength, we ensure that rather than being scattered away into the far-field, the fundamental laser field remains strong in the nearfield, thereby providing a greater conversion into the second harmonic signal. The corresponding dimensions of the optimized heptamer are a 120 nm diameter, 30 nm height, and 30 nm gap between the individual units. By choosing silver as the working metal we are able to obtain the attenuated dip at λ = 800 nm, which is the fundamental wavelength of the Ti:Sapphire laser source that we use for our nonlinear optical experiments. The optical properties of the heptamer have been computed using the surface integral equation (SIE) formulation. 38 Note that silver is a preferred material for these structures due to its particular wavelength tunability close to the Fano profile.
39 Figure 1b shows the scattering cross-section as a function of the wavelength calculated for such a heptamer. The optical response clearly fulfills the criteria discussed above. In order to verify that these lead to SHG enhancement, further computations have been performed. Figure 1c,d shows the nearfield intensity computed for an incident wavelength of λ = 800 nm and λ = 950 nm, respectively, polarized along the x-direction. The linear plots in Figure 1c ,d are normalized to 1. As expected, the near-field intensity is 30% stronger when the incident wavelength is tuned close to the scattering Fano dip than when not tuned at the dip. The second harmonic electric near-field is computed for two different fundamental wavelengths using the method developed by Makitalo et al. 40 Note that only the component χ surf,nnn of the surface tensor, where n denotes the component normal to the surface, is considered. Indeed, this component is known to be the main surface contribution to SHG from metallic nanoparticles. 41, 42 Recent experimental work on the SHG from spherical silver nanoparticles has further demonstrated that the nnn component represents the dominant contribution to the second harmonic signal and other contributions play only a minor role in the SHG from plasmonic nanostructures. 43 Figure 2 shows the second harmonic near-field intensity when the fundamental wavelength is (a) λ = 800 nm and (b) λ = 950 nm. The logarithmic plots in Figure 2a ,b are normalized with 1 representing the maximum second harmonic intensity in both cases. A drastic enhancement of the near-field at the second harmonic wavelength in the Fanoresonant system is clearly visible: in that case, the near-field intensity is about 25 times stronger (λ = 400, Figure 2a ) than in the off-Fano resonant case (λ = 475, Figure 2b ). To further enhance the SHG in the far-field, the structure was engineered to exhibit strong scattering at the second harmonic wavelength (see the scattering spectrum Figure.1b ). This is visible in Figure 2c ,d where we show the angular distribution for second harmonic at λ = 400 nm and λ = 475 nm, respectively. The emission patterns observed do not correspond to dipolar emission but to higher multipolar emission. 44 The determination of the multipolar modes involved is not straightforward and is beyond the scope of the present letter. Note that the SHG vanishes in the forward and backward directions as expected for a centrosymmetric nanostructure. While the angular distribution is similar for both excitation wavelengths, the intensity of the SHG in the off-Fano resonant case corresponds to 35% of the second harmonic intensity in the on-Fano resonant case (note that the data are scaled by 3× in Figure 2d ).
To experimentally verify this, the silver heptamers were fabricated using electron beam lithography followed by metal evaporation. Silver is a very difficult metal to work with because of its ease of oxidation, which prevents the realization of ideal structures with small dimensions and gaps due to the large grain size. Through a process of optimization, we were able to reproducibly fabricate silver heptamers on a fused silica substrate with gaps down to 20 nm, as can be seen in Figure 3 . Nonlinear optical experiments were conducted on an array of such silver heptamers as is visible in Figure 3a . A close-up of one such silver heptamer structure is visible in Figure 3b .
Linear optical measurements were carried out on the silver heptamers using a dark-field microscope (Olympus IX71 with a 60× 0.7 NA objective). The measured linear optical scattering spectrum shown in Figure 1b clearly indicates that the fabricated heptamers exhibit the Fano dip at the desired wavelength of about λ = 800 nm. The asymmetric nature of the Fano resonant system is clearly visible. What can be further concluded is that using a laser at λ = 800 nm ensures a low optical scattering, while a laser at λ = 950 nm shifts the optical scattering to a larger value away from the dip. To conduct the nonlinear optical experiments, a tunable Ti:Sapphire laser (Coherent Chameleon femtosecond laser: 150 fs, 80 MHz) connected to a Leica MP5 multiphoton microscope with a Leica HCX APO 20× NA 1 water immersion objective was used. The laser beam was made incident on the sample and the SHG measured in transmission. Choosing the lasing wavelength to be either λ = 800 nm or λ = 950 nm, we were able to tune the excitation wavelength either at the Fano dip or off the Fano dip. To compare Fano-resonant structures with more conventional plasmonic nanostructures, SHG measurements were performed for three types of plasmonic nanostructures: the heptamer (both on and off-Fano resonance), a dipole antenna (DA), and a double resonance antenna (DRA). 16 The DA and the DRA are made of aluminum. The DA, DRA, and on-Fano resonance heptamer were excited at λ = 800 nm, while the off-Fano resonance heptamer was excited at λ = 950 nm. The SHG measurements on the three different structures are reported in Figure 4 . The DA is one of the more basic plasmonic structures studied for SHG; it can resonate Figure 2 . Near-field distribution of the second harmonic intensity close to an ideal silver heptamer plotted on a logarithmic scale with SHG at (a) λ = 400 nm (corresponding to the fundamental at λ = 800 nm in Figure 1c ) and (b) 475 nm (corresponding to the fundamental at λ = 900 nm in Figure 1d ), the angular intensity emission plots for the two corresponding cases of (c) SHG at λ = 400 nm and (d) SHG at λ = 475 nm. Note that in panel (d), the intensity has been scaled by a factor of 3 showing the much stronger SHG in the far-field for the Fano-resonant case. only at one wavelength of interest, either the fundamental or the second harmonic. The DRA based on double resonances both at the fundamental and second harmonic produces a 1.5 stronger SHG intensity than the DA (see Figure 4) . 16 This finite improvement is due to the additional resonance at the second harmonic wavelength. The silver heptamer has more gaps where the field is enhanced and therefore even off-Fano resonance, exhibits a 2.7 times stronger SHG as compared to the DA. Under on-Fano resonance excitation, the SHG from the heptamer is enhanced 3 times when compared to the standard DA. It is clearly visible from Figure 4 that the SHG in the far-field is the greatest for the silver heptamer excited with a laser wavelength that matches the Fano dip. Such a significant SHG enhancement, especially when compared to the DA, indicates the major role of the near-field enhancement and how this phenomenon can be tuned and reinforced in a Fano system. Nevertheless, a lower augmentation of the experimentally SHG is observed as compared to the theoretical predictions. This can be explained by fabrication imperfections in the array as discussed in the Supporting Information (S1). Fabrication variations in individual structures can indeed play a nontrivial role in the SHG from plasmonic nanostructures. 13, 45 In summary, the SHG from a Fano resonant system has been studied both theoretically and experimentally. The nonlinear SHG in the engineered silver heptamers is shown to be significantly stronger when utilizing the generation of a high near-field at the fundamental wavelength by reducing scattering losses, while assuring a strong scattering at the second harmonic. These results illustrate the versatility of Fano resonant structures to engineer specific optical responses both in the linear and nonlinear regimes thus paving the way for future investigations on the role of dark modes in nonlinear optics 46 as well as possible applications in quantum optics. 
